Introduction
Examination of the amino acid sequences and tertiary structures of homologous proteins frequently reveals stretches of amino acids present in one member and absent in a second. These stretches frequently are located in unstructured regions of the protein rather than within a-helices or b-sheets. Pascarella & Argos (1992) found that among 1400 examples of insertions and deletions, only 24 were observed in a-helical regions and 20 in b-strand regions. The few insertions seen in helices generally were within four residues of the helix terminus whereas the insertions in strands usually were close to the middle. In general, the few insertions that were found within secondary structure elements seemed to extend the secondary structure a few more residues.
In contrast to what is seen in nature, many studies (Sondek & Shortle, 1990 Heinz et al., 1993 Heinz et al., , 1994 Keefe et al., 1993 Keefe et al., , 1994 Kavanaugh et al., 1993; Vetter et al., 1996) have shown that proteins can accommodate insertions in a-helices and b-strands. Typically, insertions of up to four amino acids have been introduced through site-directed mutagenesis. In these experiments, either or both alanine and glycine were inserted, as these residues minimize possible steric interference from sidechains. In addition, alanine has a high helical propensity (Marqusee et al., 1989; O'Neil & DeGrado, 1990; Lyu et al., 1990; Zhang et al., 1991 Zhang et al., , 1992 Heinz et al., 1992) . The structures of a number of insertion mutants in bacteriophage T4 lysozyme and Staphylococcal nuclease have been determined (Heinz et al., 1993 (Heinz et al., , 1994 Keefe et al., 1993 Keefe et al., , 1994 Vetter et al., 1996) , and two main accommodation mechanisms have been observed:
(1) Looping out: a limited number of amino acids around the inserted residue(s) loop out locally to form a bulge. (2) Shift in register: the inserted residue(s) replace the wild-type residue(s) in the secondary structure and push the wild-type residue(s) toward the preceding loop.
More recently, transposon-based mutagenesis has been utilized to introduce insertions of ®xed length and sequence into a protein (Manoil & Bailey, 1997; Nelson et al., 1997) . In this method, only the identity of a few residues at the ends of the inserted sequence can vary, depending on the sequence of the target site. In one approach, nine nucleotides of the target site are duplicated and added to the ends of an 84-nucleotide sequence derived from the tranposon to form the ®nal inserted sequence of 31 codons (Manoil & Bailey, 1997) . This strategy creates a number of insertions in random locations. Like many of the earlier linker insertion mutagenesis studies (Barany, 1985; Tanese & Goff, 1988; Prasad & Goff, 1989; Chen & Horwitz, 1989; Kumar & Black, 1991; Wang et al., 1991; Zebala & Barany, 1991; Ladant et al., 1992) , the tranposon-based insertion studies have focussed on locating permissive sites and functionally important regions.
We sought, also, to determine where insertions could be tolerated within protein structure, with retention of some activity. We used a method that generates both random sizes of insertions and random locations. The insertion sequence itself is derived from the primary sequence of the protein and our insertion mutations take the form of internal tandem duplications in the protein. Here, we have characterized 11 out of 12 in-frame duplication mutants of Staphylococcal nuclease, a protein of known tertiary structure (Figure 1 ). Our analysis indicates that the protein's function is tolerant of drastic structural changes.
Results

Isolation of in-frame duplication mutants
We used DNA coding for a variant of the wildtype Staphylococcal nuclease called PHS (P117G, H124L, S128A), which is as active as the parental enzyme, but about 3.3 kcal/mol more stable (Garcõ Âa-Moreno et al., 1997; D. Shortle, personal communication) . To generate the internal tandem duplications we used the exonuclease method (Reeder & Schleif, 1993; Eustance et al., 1994) . For later high level synthesis of the variant proteins, the duplications were isolated in a bacteriophage T7 expression plasmid vector (Tabor, 1990) . The parental plasmid construct contained two coding regions for Staphylococcal nuclease (Figure 2 ), one coding for the ®rst 126 amino acid residues of the 149 residue protein, a spacer region of 60 nucleotides, and another coding for the last 129 amino acid residues of the protein. Neither region produces functional protein. Opening the plasmid by cutting at the unique KpnI or BamHI restriction site between the coding regions and digesting with Bal31 exonuclease can remove the spacer and part of the redundant coding information. Some of the DNA molecules that are then ligated back to circular form and transformed into competent cells will possess in-frame fusions between the two coding regions, and some of these will not have all the redundant coding regions removed, leaving the DNA to code for internal tandem duplications. We used RecA À cells for maintenance of the plasmids so as to minimize genetic recombination between homologous sequences. The endpoints of the deleted material can lie between codons or within them, and when the overall reading frame is retained, two thirds of the deletions fuse two codons to make a third, which in most cases will be different from the original. Thus, many of the fusions will alter the identity of an amino acid at the insertion endpoint.
To identify candidates expressing active nuclease, ampicillin-and kanamycin-resistant transformants were spotted on toluidine blue DNA agar plates (Lachica et al., 1971; Shortle, 1983 Shortle, , 1986 After spotting the colonies, the toluidine blue DNA agar plates were incubated at 42 C for one hour to induce the expression of mutant nuclease. Cells from a colony expressing nuclease digest adjacent DNA in the plates and form pink halos; whereas images of colonies not expressing active nuclease lack halos. By these means, active mutants with internal tandem duplications of different sizes and at different locations could be detected. In this study, internal duplication mutants of Staphylococcal nuclease could be formed anywhere between amino acids 20 and 126 Figure 1 . Ribbon drawing of the structure of Staphylococcal nuclease (Loll & Lattman, 1989 ) drawn with Molscript (Kraulis, 1991) . The disordered amino acids 1 to 6 and 142 to 149 are not shown. within the 149-residue protein. Additionally, parental protein and protein possessing an internal deletion can be generated.
Candidates capable of expressing active nuclease were further screened to detect in-frame duplication mutants. Only these contained both a larger than wild-type nuclease gene and would synthesize larger than wild-type protein. The coding DNA was excised from the expression plasmid by digesting with the SacI and SphI restriction enzymes and its size was determined by gel electrophoresis. Similarly, the size of the mutant protein produced by each candidate was determined by electrophoresis of extracts from cells in which the T7 promoter had been induced. If the sizes of both the mutant DNA and the overproduced protein were as large as or larger than those of the parental types, then the candidate was considered likely to possess an in-frame duplication giving rise to a stable insertion protein. From 529 wellseparated colonies, 128 expressed active nuclease, and 26 appeared likely to possess in-frame duplications. Sequencing showed that ten actually were in-frame duplication mutants whereas eight had regenerated the wild-type sequence. The other eight candidates either did not grow after retransformation or contained unidenti®ed sequence. Two additional duplications were isolated in another run (Figure 3 ). The candidates chosen for further study showed no evidence of cleavage by intracellular proteases. SDS/gel electrophoresis of crude extracts showed strong bands corresponding to the mutant nucleases with no evidence of extra lower molecular mass proteins. Similarly, SDS/gel electrophoresis of the puri®ed proteins showed them to be homogeneous, and again without evidence of the presence of any lower molecular mass components, as might have been generated by protease cleavage at an unstructured region resulting from an insertion.
Mutant proteins are named with the position numbers of the duplicated amino acids in parenthesis (Table 1) . For example, mutant (55-76) duplicates residues 55 to 76. In terms of primary sequence, mutant (55-76) can be considered to possess 22 extra amino acid residues inserted into the wild-type sequence anywhere between residues 55 and 76. Within the actual tertiary structure, however, the insertion is likely to appear to occur at a unique location.
Denaturation stability
The stabilities of the insertion mutants were measured by GuHCl denaturation. At each concentration of added GuHCl, the ÁG of denaturation can be de®ned as
, where [D] and [N] are the concentrations of the denatured and native states. Plotting these ÁG values against GuHCl concentrations in the sharp transition of the denaturation curve generally produces a linear relationship (Creighton, 1993; Pace & Scholtz, 1997) :
where ÁG r P y , an extrapolated value, is the free energy change of denaturation of the protein in the absence of GuHCl and m re¯ects the dependence upon the GuHCl concentration. From equation (1), ÁG r P y , m and C m , the concentration of GuHCl at the denaturation midpoint, can be determined.
Staphylococcal nuclease possesses a single tryptophan at position 140. Because this residue is buried in the native state and is exposed to solvent when the protein is denatured, its¯uorescence can be utilized to measure the ÁG of unfolding (Shortle & Meeker, 1986; Shortle et al., 1990; Meeker et al., 1996) as:
where I N and I D are the¯uorescence signals of the native and denatured states and I is the¯uor-escence at a particular GuHCl concentration. We measured ÁG r P y , of the PHS enzyme at 20 C (pH 7) to be 8.5 kcal/mol, which is in good agreement with the value of 8.8 kcal/mol measured previously (Garcia-Moreno et al., 1997). All our insertion mutants are folded and quite stable (Table 2) , relative to the wild-type. Mutant (62-62) is the most destabilized, even though it contains only a single extra amino acid, ÁÁG À3.76 kcal/mol. The average error determined for m in equation (1) generally is very small. Therefore, its value has been used to classify mutants (Shortle, 1995) . Those for which m is larger than 1.05 of the wildtype value are designated m , and those for which m is smaller than 0.95 of the wild-type value are designated m À . Those between are designated m . To date the m values found for Staphylococcal nuclease range between 0.51 and 1.34 (Shortle, 1995) .
For some m À mutants of Staphylococcal nuclease, m mutant /m Wt from 0.51 to 0.82, the ÁG r P y estimated by¯uorescence was different from the ÁG r P y estimated by calorimetric methods (Carra et al., 1994; Carra & Privalov, 1995) . Apparently, such mutants possess an intermediate denatured state, in which tryptophan 140 is solvent-exposed and the rest of the protein remains largely folded but more expanded (Carra et al., 1994) . The wildtype protein in our study, PHS, appears to go through a two-state transition (Garcia-Moreno et al., 1997) . The m values of all our insertion mutants are at least 0.88 of the m value of PHS (Table 2) , and thus the two-state approximation seems applicable and ÁG r P y should be the ÁG of total denaturation.
Gel filtration measurements
The average radius of the 149 amino acid residue nuclease would not be substantially increased by even the largest of our insertions if the protein remained compact and structured. If, however, a mutant protein was substantially unstructured, uctuated between compact and partially or completely unfolded states, or oligomerized, then the protein's apparent size would be substantially increased. Because the insertion mutants chosen for study were those that are not detectably cleaved in vivo they are likely to remain folded and compact. A change in the surface, however, could create an oligomerization site. For example, Green and coworkers found that the normally monomeric Staphylococcal nuclease became dimeric upon deletion of six amino acids in a surface loop (Green et al., 1995) .
We used gel ®ltration on a Sephacryl 1 column to measure the apparent molecular mass of the parental nuclease and 11 mutants (Table 3) . The apparent molecular mass of the parental PHS nuclease was 19% larger than the actual molecular mass. About seven amino acids at each end of nuclease are disordered, but they seem unlikely to account for the entire discrepancy. Table 3 shows that none of the insertions has made the protein oligomeric. Mutant (31-80) has an apparent mass signi®cantly larger than its actual molecular mass, suggesting that, on average, this protein may be partially unfolded.
Circular dichroism measurements
We used circular dichroism of the proteins measured between 190 and 240 nm to estimate their a-helix content. Meaningful measurements of b-strand content could not be made because its characteristic CD signal is weak (Creighton, 1993; Schmid, 1997) and the b-strand content of Staphylococcal nuclease is low. Wild-type nuclease possesses 26% a-helix, and Table 3 presents the results of the CD measurements, where it can be seen that the method measures rather closely the amount of 
Enzymatic activities of the mutants
For estimation of the enzymatic activities of the mutants we used a quantitative version of the same metachromatic dye/agar plate method that was used to identify colonies synthesizing active nuclease. In this method (Lachica et al., 1971; Shortle, 1986; Weber et al., 1990 Weber et al., , 1991 , various concentrations of the enzyme are spotted onto the plate, and the diameters of the resultant pink halos are measured after a ®xed interval. The relative amounts of mutant and wild-type enzymes required to produce halos of the same diameter give the relative enzymatic activities. In cases where the spectrophotometric assays and this metachromatic dye method have been compared, the results of the two assays have been within a factor of 2 of one another (A. Mildvan, personal communication) . Table 3 shows the results of assaying the various insertion mutants. Most of the mutants are reduced by the order of a 100-fold in activity, but (38-43) possesses about 1/2000 of the parental activity. Perhaps its low activity results from altering the active site due to the insertion of six amino acids nearby. It is not surprising that mutant (31-80), which appeared in previous assays to be substantially unstructured, also has a low enzymatic activity, about 1/1000 of the parental activity.
Discussion
Using the exonuclease method (Eustance et al., 1994) , we generated random-sized insertions in random locations in Staphylococcal nuclease and screened for mutations that left the nuclease with detectable activity. We isolated 11 insertions whose sizes range from 1 to 67 amino acid residues. They were located in loop regions, in a-helical regions, and between the two. All the mutant proteins are folded and quite stable compared to the wild-type as determined by GuHCl denaturation, as measured by¯uorescence quenching. The proteins possess substantial secondary structure and are compact, although mutant (31-80) appears to be partially unfolded as measured by CD and gel exclusion chromatography. The mutants have enzymatic activities ranging from 1/30 to 1/2000 that of the wild-type nuclease. By comparison, single substitutions in the active site of the enzyme reduce activity to 1/200 to 1/60,000 that of the wild-type enzyme (Hibler et al., 1987; Pourmotabbed et al., 1990; Weber et al., 1990 Weber et al., , 1991 . For example, mutants R87G, D21E (Weber et al., 1990) , and E43S (Weber et al., 1991) , which were also assayed by the metachromatic dye/agar plate method described above, possess 1/63,000, 1/500 and 1/10,000-fold wild-type activity. This suggests that the active sites in our insertion mutants are not much more altered than those in some of the single substitution mutants.
Perhaps the reason that no insertions were found that left the nuclease with nearly normal enzymatic activity results from the fact that a relatively small number of candidates were examined in this study. Many of our the insertions involved regions possessing secondary structure. Thus, these could be expected to possess substantial reductions in activity, for naturally occurring insertions almost always lie in loop regions.
In the past few years a number of structures of insertion mutants have been solved (Heinz et al., 1993 (Heinz et al., , 1994 Keefe et al., 1993 Keefe et al., , 1994 Kavanaugh et al., 1993; Vetter et al., 1996) . These studies showed that that secondary structure elements can accommodate small insertions, up to four alanine residues, on their solvent-exposed surfaces, and that two main mechanisms are utilized by proteins to respond to small insertions: loop-out and register shift. Overall then, our studies and the previous studies indicate that proteins are surprisingly¯ex-ible and can adapt to the insertion of large numbers of amino acids without the complete loss of H , which contains a KpnI site. For fragment 20 to 149, the primers were 5
H -GCTACA-CTGCAGGGTGATACGGTTAAATTAAT-3 H , which contains a PstI site and 5
H -ACTCGGGCATGCTTATTATT-GACCTGAATCAGC-3
H , which contains a SphI site and two translation stop codons. The linker between these two fragments was formed by the PCR fusion technique described below. The linker region is about 60 nucleotides long.
To reduce the number of cloning steps in making the parental construct nuclease, fragment 1 to 126 was fused to the linker by PCR (Yon & Fried, 1989) . The PCR reaction in this method contains the two nonhomologous DNA fragments as templates, two primer oligonucleotides that are homologous to the templates and one linking primer that is homologous to both template sequences, which is present in lower concentrations.
The reaction contained 40 ng of fragment 1 to 126, 42 ng of the lower strand of the linker region, 240 ng of primer 1 homologous to the end of the 1 to 126 fragment, 0.2 ng of primer 2 homologous to the other end of the 1 to 126 fragment and to part of the linker region, and 200 ng of primer 3, which is homologous to the other end of the linker region. The PCR reaction was performed in 50 mM KCl, 20 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 0.01% gelatin, 0.2 mM each dNTP and 2.5 units of Pfu polymerase. This was cycled 30 times at 92 C for one minute, 55 C for two minutes and 72 C for two minutes. At the end of 30 cycles, the reaction was extended at 72 C for ten more minutes. The sequences of the primers 1 to 3 and linker were: Primer 1,5
H -CGTACTGAGCTCTTGTTATCTAAG-GAAATACTT-3 H , which contains a SacI site, and a ribosome binding site. Primer 2,5
H -ACGTCCCGGGTG-CATGGTACCTCTTAAAAGTTGTTCATGTG-3 H , where 20 nucleotides are at the end of the 1 to 126 fragment, and 20 nucleotides are at the beginning of the linker. Primer 3,5
H -CATTAATTTAACCGTAT-CACCCTGCAGTCAGGTCTAGATCGT-3 H , which contains a PstI site.
Linker, lower strand, 5 H -GTCAGGTCTAGATCGTAA-TGCTATAGGGATCCCATGCATTACGTCCCGGGTGC-ATGGTAC-3 H . The resulting product was cloned into plasmid pTZ18R (Yanisch-Perron et al., 1985) between its SacI and PstI sites and transformed into RecA À strain RE1 (ÁaraC-leu1022, Álac74, galK À , Str r , recA938::cat) (Eustance et al., 1994) . Candidates were selected on ampicillin-YT plates and sequenced. The fragment coding for amino acid residues 20 to 149 and two stop codons was cloned into the construct using the common sites for PstI and SphI, and the plasmid was christened pDN1.
Exonuclease digestion
A 5 mg sample of cesium chloride-puri®ed (Schleif & Wensink, 1981 ) DNA was digested with KpnI or BamHI, phenol extracted, ethanol precipitated and resuspended in TE (10 mM Tris-HCl (pH 8), 1 mM EDTA), treated with 1 unit of Bal31 exonuclease in 600 mM NaCl, 20 mM Tris-HCl (pH 8), 12 mM CaCl 2 , 12 mM MgCl 2 , 1 mM EDTA as described (Reeder & Schleif, 1993; Eustance et al., 1994) . At intervals over 2.5 hours samples were removed, quenched in 25 mM EGTA, 10 mM TrisHCl (pH 8), pooled, heated to 65 C for ten minutes, phenol extracted and made blunt-ended by treatment with ten units of the Klenow fragment of DNA polymerase I. The blunt-ended DNA was then extracted, ligated, and transformed into strain RE1 containing the Kan r plasmid pGP1-2 (Tabor, 1990) , in which synthesis of the T7 RNA polymerase is under control of the lambda phage p L promoter.
Selection of insertion candidates
All Amp r -Kan r colonies resulting from transformation of the recircularized pDN1 DNA after Bal31 digestion into RE1/pGP1-2 were respotted on metachromatic dye/ agar plates (Lachica et al., 1971; Shortle, 1983 Shortle, , 1986 , containing 0.16 mg/ml toluidine blue O dye and 300 mg/ml of herring testicle DNA, 50 mM Tris-HCl (pH 9), 1% Difco agar, 1% NaCl, and 0.01 mM CaCl 2 , and incubated at 42 C to induce the production of T7 RNA polymerase, which in turn induced the expression of the cloned gene in plasmid pTZ18R. Colonies with nuclease activity generated pink halos within an hour.
Double-stranded sequencing
Double-stranded DNA was sequenced as described by Kraft et al. (1988) using column-puri®ed DNA eluted from Promega Wizard columns with water. Between 4 and 5 mg of plasmid DNA and a 3:1 or 5:1 molar ratio of primer to template were used per set of four sequencing reactions.
Nuclease purification
To overproduce protein for puri®cation, 250 ml of cell culture was grown to an A 590 of 2 at 30 C, then at 42 C for one hour, and ®nally at 37 C for three more hours in growth medium prepared as follows: 24 g of yeast extract and 12 g of tryptone were dissolved in distilled water to 900 ml; 2.3 g of potassium phosphate monobasic and 12.5 g of potassium phosphate dibasic was dissolved in distilled water and adjusted to 100 ml (Sambrook et al., 1989) . Both solutions were autoclaved separately, cooled, combined, and mixed with 8 ml of sterile 50% glycerol. SDS/gel electrophoresis of whole cells shows that nuclease constitutes about 30% of the total cell protein.
Nuclease was puri®ed using following protocol, which is based on one provided by David Shortle. Cells were collected by centrifuging at 2000 g at 4 C for 12 minutes. On ice, the pellet was resuspended in 100 ml of 0 C, 6 M urea, 25 mM Tris-HCl (pH 8.1), and kept on ice for three to ®ve minutes. The cell suspension was centrifuged at 2700 g at 4 C for 12 minutes, and the supernatant was discarded. Again on ice, the pellet was resuspended in 50 ml of 0 C, 6 M urea, 25 mM Tris-HCl (pH 8.1), 2.5 mM EDTA, 0.2 M NaCl, and swirled on ice for 30 minutes. The suspension was centrifuged at 10,800 g at 4 C for 12 minutes. The clear supernatant was transferred to a new centrifuge bottle, and an equal volume of 0 C ethanol was added. The solution was allowed to precipitate at À20 C from three hours to overnight. The precipitate was removed by centrifuging at 10,800 g at 4 C for 12 minutes. The supernatant was transferred to a new centrifuge bottle, and an equal volume of cold ethanol was added. The solution was incubated at À20 C for one to three hours. The precipitate was collected by centrifuging at 10,800 g at 4 C for 12 minutes, and the pellet was air-dried for 15 to 30 minutes. After drying, the precipitate was suspended in 5 ml of 6 M urea, 25 mM Tris-HCl (pH 8.1), column load buffer, and loaded on an SP Sepharose 1 Fast Flow (Pharmacia Biotech) column that had been equilibrated with ®ve bed volumes of column load buffer. The column was washed with ®ve bed volumes of column load buffer and eluted with 6 M urea, 25 mM Tris-HCl (pH 8.1), 0.4 M NaCl. Nuclease usually eluted in the second 5 ml fraction at greater than 95% pure.
Eluted nuclease was dialyzed to remove urea using Spectra/Por dialysis membrane with a molecular mass cutoff of 8000. The ®rst dialysis was against 1 M NaCl acidi®ed with a drop of concentrated HCl. Then the protein was dialysed against distilled water four times. All dialyses were at 4 C for at least four hours with at least 400 times as much buffer as protein solution.
The proteins were kept either as lyophilized powder at À70 C or as frozen aliquots at À20 C. The protein powder was resuspended in desired buffer, and ®ltered with 0.22 mm protein ®lter before use. Alternatively, the frozen protein aliquot was thawed slowly on ice, and ®l-tered before use. Usually 10.5 mM potassium phosphate (pH 8.1) was used to dissolve protein powder.
PHS nuclease and mutant (62-62) concentrations were determined using an A 280 of 1 mg/ml 0.93, which was determined for wild-type nuclease (Dunn et al., 1973; Tucker et al., 1978) . For other mutants, the molar extinction coef®cients were calculated from amino acid composition as described (Gill & von Hippel, 1989) :
where N tyr , N tryp and N cys are the number of tyrosine, tryptophan and cysteine residues per molecule of protein. Typically, 25 to 30 mg of protein was obtained from 250 ml of cell culture.
Fluorescence measurements
An SLM 48000 spectro¯uorimeter was used in all measurements with the polarizers set to create the magic angle. The shutter was closed between measurements to avoid photobleaching of the protein sample. A built-in magnetic plate was used to mix the protein samples constantly from the beginning to the end of each denaturation curve.
Excitation was at 295 nm and at each concentration of GuHCl, the emission spectrum was integrated ten times from 315 nm to 400 nm. I N was the average of the emission intensities at very low GuHCl concentrations, and I D was the average of the emission intensities at very high GuHCl. Measurements were performed at 20 C in 25 mM sodium phosphate, 100 mM NaCl (pH 7), using a protein concentration between 4.5 mM and 13 mM. After each addition of 6 M GuHCl stock solution, the sample was allowed to equilibrate for ten minutes beforē uorescence measurement (Shortle & Meaker, 1986) . At least eight points in the sharp transition part of the denaturation curve were used to calculate ÁG rPy .
Circular dichroism measurement
An AVIV CD60 spectropolarimeter was used with 0.01 cm or 0.2 cm quartz cuvettes. The protein sample concentrations were about 1.5 to 2 mg/ml for the 0.01 cm cuvette, and about 0.2 mg/ml for the 0.2 cm cuvette. Scans were done at 20 C. Each scan was recorded between 190 nm and 260 nm at every half nm and three scans were averaged for each protein.
To estimate the secondary structure content of a protein, the 41 spectral values between 200 nm and 240 nm were converted to the mean residue ellipticity, [y] MRW , divided by 1000 and used as input to the neural net algorithm by the method of Andrade et al. (1993) to calculate the percentages of a-helix, b-strand, and random coil.
Gel filtration A 1.6 cm Â 60 cm Sephacryl 1 S-100 column was used with a Pharmacia FPLC system for the gel ®ltration measurements. About 0.5 mg of protein in 20 mM Tris-HCl (pH 7), 100 mM NaCl, 0.02% NaN 3 was run at 0.2 to 0.3 ml/min at room temperature.The column was calibrated with ribonuclease A, 13,700 Da; chymotrypsinogen A, 25,000 Da; ovalbumin, 43,000 Da; and albumin, 67,000 Da.
Enzymatic activity
At least ®ve concentrations of each protein were spotted in duplicate in 2 ml drops on the metachromatic dye/agar plates. After a three hour incubation at 37 C, the diameters of the pink halos were measured. Protein dilutions were performed in 25 mM Tris-HCl (pH 8.8), 100 mg/ml bovine serum albumin to avoid non-speci®c adsorption (Shortle, 1986) and denaturation upon large dilution. The log of the amounts of protein versus the diameters of pink halos was determined. The amount of wild-type protein used for the assay was between 7 and 220 ng, and for the amount of insertion mutant proteins was between 100 and 5000 ng.
